Objective: Homografts are considered the gold standard for right ventricular outflow tract reconstruction. Their long-term durability is limited, and alternatives became available. We evaluate their long-term hemodynamic performance to permit comparisons with alternative devices. Methods: Between 1985 and 2004, 188 homografts were implanted in pulmonary position at our institution. Mean patient age was 24.8 years (range 2 days-75 years); 56 were female and 132 male. Total follow-up time was 1073 years. Fifty-eight percent were Ross procedures (mean age 31.5 years) and 42% were different procedures (mean age 15.6 years); main diagnoses were tetralogy of Fallot (48%), truncus arteriosus (14%), transposition of the great arteries (11%). Twenty-six percent were redo implantations. We evaluated freedom from death, explantation, insufficiency, relevant gradient, degeneration, and the interval between diagnosis of degeneration and therapeutic procedure (therapeutic gap). Results were stratified by indication, age, history, homograft size, and origin. Results: Ten-year-freedom-from explantation was 82% in homografts >19 mm and 45% in smaller ones. Ten-year freedom from degeneration was 68% after Ross procedure and 25% after other operations; it was 83% in patients older than 10 years at implantation and 51% in younger ones. 'Non-Ross-procedure' and 'implantation age below 10 years' were the only independent risk factors for degeneration. The observed trend towards therapeutical gap reduction was not statistically significant. Conclusions: Homograft implantation in the pulmonary position can be performed with good long-term freedom from explantation. However, freedom from degeneration is a matter of concern. Therefore, alternative valved conduits are required especially for pediatric patients. #
Introduction
Homografts are considered the gold standard for the reconstruction of the right ventricular outflow tract (RVOT). Since their introduction into clinical practice in 1962 by Donald Ross [1] , their widespread use and their results have been described in numerous publications. Alternatives such as valved conduits (bovine jugular veins, porcine vessels and tissue engineered devices based on various matrices) have yet to be shown at least equivalent to homografts in terms of availability, hemodynamic performance and durability. Lack of availability is hard to quantify, but reports about performance of mismatched homografts [2] show that not all desired grafts are readily available. Statements as '14% of the requests must be unanswered for lack of appropriate homografts' [3] from major homograft bank reports indicate an unsolved problem. Implanted homografts often give reasons for concern because of calcification, development of high gradients and insufficiency.
In the last decades, the approach to homograft degeneration has changed remarkably regarding methods of diagnosis (color Doppler echo, MRI) and treatment policy (e.g. earlier reoperation [4] , catheter based interventions [5] ) and thus has created difficulties for the evaluation of valuable long-term data.
This paper presents the follow-up results of 188 consecutive homografts that were implanted in pulmonary position at our institution between October 1985 and October 2004. The evaluation focuses on homograft degeneration. We have tried to minimize the bias that is inherent due to repeated changes in the medical environment.
Patients and methods
One hundred and eighty-eight consecutive recipients of a homograft in the pulmonary position at Hannover Medical School between October 1985 and October 2005 (total follow-up time of 1073 years) were included in the study. One hundred and thirty-two patients (70%) were male and 56 (30%) were female.
Ninety percent of the implants were of pulmonary origin and 10% were aortic roots. All homografts except one was cryopreserved. Pulmonary homografts have been our first choice, and aortic homografts were implanted only if no appropriately sized pulmonary graft was available. A slight homograft oversizing was preferred in young patients. However, the limited availability of small homografts and the lack of alternatives led to a broad range of acceptance for homograft size. Most homografts were used in Ross procedures (58%). The remaining 42% were implanted for other diagnoses (48.1% tetralogy of Fallot, 13.9% truncus arteriosus, 11.4% transposition of the great arteries, 8.9% pulmonary atresia, 5.1% double outlet right ventricle, and 12.6% others).
Of the homograft implantations, 56.9% were primary procedures. 24.5% followed previous palliative operations such as aortopulmonary shunts or pulmonary artery patch plasties. 13.8% were conduit exchanges and 4.8% replaced valveless conduits. Tables 1-3 give details about the  patients' demography and their Figure series C). The 10-year cutoff for age stratification was chosen because most 10-year-old patients can receive a conduit of approximately adult size. In contrast, for patients under 10 years of age, outgrowth is considered a significant risk factor for development of stenosis. Results were obtained by reviewing the patients' records and retrieving information from external physicians and hospitals involved in the postoperative treatment. The follow-up of all survivors included results of 773 echocardiographic and 74 angiographic studies. Six patients were lost to follow-up after a mean observation period of 2.5 years; among them, five moved to foreign countries. Follow-up is thus 96.8% complete. We included only transvalvular or transconduit instantaneous peak gradients; postanastomotic pulmonary artery (branch) stenoses were not included as terminal events in the evaluation since they were not related to the homograft. One patient had a plasty of the right pulmonary artery 1 year after implantation without explanting the homograft; in all other patients, reoperation meant homograft explantation for degeneration.
For each patient, rates of freedom from following parameters were calculated: death, explantation (for any reason, details are given in the tables), first detection of a peak gradient of 50 mmHg or more, insufficiency of at least grade 'moderate' and degeneration (due either to gradient or insufficiency, as described). The relevant Kaplan-Meier plots were split by implantation age below or above 10 years, Ross procedure versus other operations, and by homograft size group (less than 20 mm, 20-25 mm and above 25 mm diameter). Event free rates and the numbers of patients at risk at 5-year intervals, the relevant standard errors and logrank-test results for significant differences between groups are given in figures. P-values below 0.05 were considered statistically significant.
Since the policies for explantation and percutaneous intervention had changed within the observation interval, we considered the freedom from combined degeneration as the most relevant outcome parameter. In each case, an explantation or intervention was preceded by an echo or angiographic examination. Therefore, we chose only the endpoint 'degeneration' to evaluate the role of procedural history and the role of homograft origin.
In the past decades, conduit exchange was riskier, and reoperations were postponed as long as clinically tolerable. Permanent right ventricular damage was more likely to be accepted then, than nowadays. The indication for angiography to confirm homograft deterioration was often seen only in advanced stages of clinical deterioration. Today, routine echos and a more aggressive approach towards procedural therapy reduce both the time until detection of homograft dysfunction as well as the interval between dysfunction and therapy. We illustrate the changing approach by displaying the interval between detection of a dysfunction and the procedural therapy, stratified by the decade of dysfunction detection.
Univariate risk factor illustrations as Kaplan-Meier plots are highly suggestive to consider the split criterion itself as a real clinically significant risk factor. However, the common association of several factors makes multivariable methods as the Cox regression analysis indispensable. The mentioned potential risk factors (other operations vs Ross procedure, previous homograft, homograft size group, patient age under 10 years, aortic vs pulmonary homograft) were included in multivariable analyses. Stenosis, insufficiency and degeneration were considered as endpoints.
Results
In the univariate analysis, survival was significantly better for patients older than 10 years at time of operation (Fig. 1A) ; this group had a very low late mortality, while younger patients seem to have a considerable risk for late death beyond the fifth postoperative year. Patients with Ross procedures (Fig. 1B) had a low mortality in the follow-up: one patient died postoperatively (1% early mortality) and two patients within the later follow-up interval-one in a traffic accident in the 8th postoperative year and one after a cerebral stroke 3 years postoperatively. Fig. 1C shows that patients with small homografts have a significantly higher mortality than those with larger size grafts.
Overall, 35 conduits were explanted: 16 (45.7%) for stenosis, 8 (22.9%) for combined degeneration, 9 (25.7%) were predominantly insufficient conduits-of which, one became insufficient after dilatation. Two had endocarditis (5.7%). See Tables 1-3 for the distribution of reasons for explant among the subgroups. All explantations were due to conduit failure; no device was explanted for technical reasons. In 30 cases (85.7%), the reason for explantation involved the valvular or tubular part of the homograft; 2 (5.7%) homografts had predominating severe stenoses at the proximal anastomosis, 1 (2.9%) at the bifurcation, 1 (2.9%) at the left pulmonary artery anastomosis and 2 (5.7%) at the anastomosis to the right pulmonary artery. The certainty of this information is limited to the quality of the pre-and intraoperative records.
Freedom from homograft explantation for patients older than 10 years at implantation was 81.8%, while 40% of the grafts in younger patients had to be explanted after the same time interval (Fig. 2A) . Obviously, other factors than outgrowth contributed to the indication for explantation: beyond 10 years, the explantation rate continues to rise remarkably also in the older patient group. Patients with a Ross operation (Fig. 2B ) reach 95% freedom from explantation at 10 years. The outcome thereafter is not encouraging, but determined by only few patients. Homografts smaller than 20 mm appear significantly less durable than the larger sizes (Fig. 2C) . Gradient development affected both older and younger patients, but those with an implantation age under 10 years became stenotic significantly earlier (Fig. 3A) . This was also true for patients that underwent non-Ross procedures, as shown in Fig. 3B . Persistent 94.2% freedom from stenosis after a Ross procedure is an excellent result. Patients under 10 years of age receive often (56.5%) small conduits (<20 mm). Homografts of this size group develop gradients significantly earlier than larger devices (Fig. 3C) .
Development of insufficiency in homograft patients is not negligible: 5 years after implantation, nearly 2/3 of the recipients under 10 years and 60% of the older ones suffer from at least a moderate degree of insufficiency (Fig. 4A) . 17.7% of the Ross procedure patients (Fig. 4B ) are affected by insufficiency at 5 years which increases to 29.6% after 10 years. Rates of insufficiency for non-Ross procedure patients are significantly worse. Although insufficiency occurs significantly earlier in small conduits (Fig. 4C) , about 25% of the large (above 20 mm) homografts in place at 5 years are insufficient.
Combined degeneration is the most critical endpoint for homograft evaluation. Neither older patients (Fig. 5A ), Ross procedure patients (Fig. 5B) nor patients with larger conduits (Fig. 5C) show rates of long-term freedom from degeneration that can be called satisfactory. For the corresponding less favorable groups the situation is significantly worse.
Homograft rejection has been suggested as a potential contributor to earlier degeneration in recipients of a second homograft [6] , and Fig. 5D seems to confirm this hypothesis. Aortic homografts in the pulmonary position were used only as second choice in the Hannover Medical School, and the relevant evaluation (Fig. 5E ) seems to confirm this policy. In Fig. 5F , we interpreted the time interval between degeneration detection by angio-or echocardiography and the procedural treatment (reoperation or catheter based intervention) as freedom from event, and the homograft explantation or intervention (10 balloon dilatations, among them 3 stent placements) as terminal event. The stratification according to the decade of degeneration detection showed a statistically insignificant tendency towards earlier intervention. We also see latency intervals that are possibly longer than desirable: In the 1990s, half of the patients with signs of degeneration were not corrected after 4.5 years, and currently, this interval is reduced to 2.5 years.
All the above time related evaluations were univariate: they considered one variable only. Obviously, more than one factor permits to divide the entire group of homograft recipients into different strata that have significant differences in outcome. The Cox regression is meant to calculate the independent impact of each of several factors on the terminal event. The algorithm can be set to run forward, by successively including more and more variables and testing their significance; or backwards, by starting with the inclusion of all potential risk factors and eliminating step by step the least important one until only independent significant factors remain in the analysis. If the results of both directions, forward and backward, coincide, the result is considered more robust than if this is not the case. We applied the Cox regression analysis including the following potential risk factors: age at time of implantation <10 years or not, no Ross procedure versus Ross procedure, homograft diameter <20 mm or larger, previously implanted homograft versus first homograft implantation, aortic versus pulmonary homograft origin. Examined endpoints were: freedom from gradient !50 mmHg, freedom from insufficiency of at least grade moderate, and freedom from degeneration defined as either of the latter.
All Cox regression models (backward and forward), for all of the three end points (stenosis, insufficiency, degeneration) resulted in indicating that 'a non-Ross procedure' and 'implantation age <10 years' were both independent risk factors. P-values ranged from <0.001 to 0.028, and odds ratios from 2.25 to 3.6. Homograft origin, size and previous homograft implantation were no significant risk factors in any of the regression models.
Discussion
Homografts are well established standard implants for reconstruction of the right ventricular outflow tract with a valved conduit. The quantity of implanted homografts since the first report [1] can now be counted in five digits. Accordingly, the number of publications on results after homograft implantation is substantial: In February 2007, PubMed listed 175 publications in a search of the keywords 'homograft ' and 'right ventricular outflow tract'. The wide range of indications for implanting homografts in the pulmonary position (from neonates with complex malformations to senescent patients with a Ross operation) makes results largely a question of patient selection [7] . The present paper gives a detailed description of various patient groups in order to facilitate comparisons with other summaries and own patient data.
Our Kaplan-Meier curves on freedom from stenosis, insufficiency and their combination are conservative estimations: the events 'gradient of 50 mmHg and more' or 'moderate or more insufficiency' was considered to have taken place at the first time the event was documented by an examination. Delay in the detection of these parameters of degeneration -either by late decision for angiography (in former times) or caused by patients who skipped examinations -is common. Although the assumption that a valve dysfunction is present before its diagnosis is justified, it is neglected in this evaluation. If all patients would have been examined at regular intervals, the event free intervals would be shorter.
There is a (minor) concern for the inter-methodvariability when gradients and insufficiency classifications from two different sources (such as the echo and the cath lab) are pooled. Nonetheless, the results of these examinationswith all the systematic limitations -are both commonly used to make a decision whether to reoperate on a patient or not. So we pooled the results of both methods for the present evaluation.
The kind and magnitude of long-term sequelae after homograft implantation at our institution is not exceptional, but can be considered representative and normal for homografts. With all the mentioned limitations, our results compare well to other large series: Dittrich et al. [8] found 44% freedom from more than moderate insufficiency at 4 years in his group of 23 homograft patients. Homann et al. [6] observed 70% freedom from homograft replacement at 10 years in his cohort of 215 patients. Lange et al. [9] described 40% and 60% freedom from explantation at 15 years for his recipients of homografts smaller and larger than 15 mm, respectively. LeBlanc et al. [10] stratified the freedom from explantation by patient age and found 89% free at 4 years for patients above 2 years of age at implantation versus 52% for the younger ones. Tatebe et al. [11] found 42% freedom from homograft failure after 5 years in his observation of 141 homografts in patients under 10 years. Feier et al. [12] reports a 30% incidence of mean transconduit gradient of 20 mmHg and more at 5 years; Böhm et al. [13] found 66% freedom from explantation or transvalvular gradient of 30 mmHg or more after the same time, Settepani et al. [14] communicates that 25.5% of his patients developed homograft stenoses (no time related estimate was given) and Williams et al. [15] reports 88% freedom from reoperation at 5 years. Stark et al. [4] describe 31% 'conduit survival' after 15 years, while Niwaya et al. [16] indicated 76% freedom from dysfunction at 8 years in his population of 78% Ross procedure patients. A 10-year-freedom from explantation of under 20% has been described for a group of 52 homografts implanted for congenital malformations in patients with a median age of 1.5 years [7] .
Authors agree broadly that homograft durability and availability are not ideal, especially in small patients [17] [18] [19] [20] .
According to Meyns et al. [21] and Bielefeld et al. [22] , a previously implanted homograft does not accelerate degeneration of the second homograft. Mohammadi et al. [23] found homografts to be a risk factor for a second reoperation. In our population, univariate analysis showed significantly earlier degeneration of a second homograft, but the results of the Cox regression model suggests to attribute earlier degeneration to the high rate of younger patients with nonRoss procedures.
The recent paper of Karamlou et al. [24] does illustrate durability deficits in younger patients using a parametric estimation that shows the implant-age related probability for the first conduit related intervention within 2 years.
The optimal time for replacement of a degenerated homograft remains controversial. The degree and long-term consequences of right ventricular myocardial damage are both uncertain and have to be balanced against the risk of repeated conduit exchanges. The operative risk also for redo operations has been reduced in the passed decades, sofrom the surgical point of view -the decision for a homograft replacement is taken easier and earlier today than 15 or 20 years ago. But patients themselves, their referring cardiologists and their home physicians are important links in the chain leading to the decision to exchange a degenerated homograft. Fig. 5F suggests that the reaction time to make this decision has indeed decreased. In contrast to the previously presented curves, this Kaplan-Meier plot does not start at the day of operation, but at the first detection of homograft degeneration -defined as mentioned -, and the terminal event is not the homograft failure, but the therapy -catheter based or surgical intervention. Thus, the terminal event is a positive event, so a short therpeutical gap results in a small area under the curve. Indeed, in the recent era (2000-2006) the curve descends more steeply than in the previous one (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . The delay times in the earliest decade are explained by the relatively high threshold to perform the invasive angiography in children; this diagnostic procedure was often performed shortly before the reoperation, just to have a final confirmation or a legal justification for the homograft exchange.
A retrospective single centre report has intrinsic limitations-no randomization with an alternative device, no standardized outcome parameters for comparisons. Although if clear end point criteria are given, the accuracy of examinations depended on the diagnostic equipment, the examiner's subjectivity in the description of a finding, and the nervousness of the patient during the echo examination.
As mentioned, we overestimated to a certain extent the homograft durability, because conduit degeneration is determined only at the time of the first available echo or catheter examination, although degeneration might have existed months or years before.
Despite all the limitations, homograft results from this large patient group cannot be called ideal. Therefore, we have to look for other options such as bovine jugular veins [25] or valved stents. Comparisons with alternative devices remain difficult. A prospectively organized registry [24] , or better, a randomized study comparing homografts and newer valved conduits will provide more evidence for finding the optimal available conduit for the pulmonary position. Currently, we think that bovine pulmonary valved conduits are an alternative to homografts.
Conclusion
In our population, we found a 10-year homograft degeneration rate of 46% in patients older than 10 years of age at implantation; in younger patients, nearly 65% had degenerated after 5 years. The interval between detection and curative therapy for degeneration became shorter in the past decade, but is still at 2.5 years for 50% of the patients. 'Other than a Ross procedure' as indication for homograft implantation and 'implantation under 10 years' were independent risk factors in our population; 'aortic versus pulmonary homograft', 'previous homograft implantation' and 'graft size under 20 mm' were univariate, but not independent risk factors. A randomized controlled trial is essential to see whether homografts are superior to any alternatives for right ventricular outflow tract reconstruction.
